The ephrin-B2 forward signal regulates the response of auditory nerve fibers (ANFs) during neural development
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Introduction
The auditory system is responsible for the perception of sound
stimuli. Sound information is transmitted from the cochlea in the
inner ear to the cochlear nucleus via spiral ganglion neurons
(SGNs). SGNs innervate the cochlear nucleus (CN) in a
tonotopic fashion, meaning the neuronal connectivity is
organized by frequency response. SGNs responding to high
frequency sounds at the base of the cochlea project their
auditory nerve fibers (ANFs) to the dorsal portions of the CN. In
contrast, SGNs that convey information of low frequency sounds
at the cochlear apex send their fibers to the ventral parts of the
CN, forming isofrequency bands where nearby CN neurons
have similar frequency responses (Fig. 1). Despite its
importance in auditory functions, the molecular mechanisms that
underlie the establishment of this tonotopic map remain elusive.

Experimental Procedures
RNAScope® in situ hybridization
In situ hybridization was performed using RNAscope® 2.5
HD Duplex Assay or RNAscope 2.5 HD Assay – RED
according to Advanced Cell Diagnostics’ instruction. Probes
used are ephrin-B1 (Cat No. 526761), ephrin-B2 (Cat No.
477671), and ephrin-B3 (Cat No. 526771).
Ephrin-B2 stripe assay
Coverglasses with ephrin-B2-Fc stripes were prepared as
described by Treffy et al.. Briefly, 22-mm coverslips were first
coated with poly-D-lysine. Silicon manifolds with 90-μm
channels purchased from Dr. Martin Bastmeyer were applied
to polylysine-treated coverglasses. Solutions for the first and
second stripes were prepared as described in the figure
legend. For experimental coverglasses, first stripe solutions
contained 2-40 μg ephrin-B2-Fc (R&D Systems); for control
.
coverglasses, first stripe solutions containd human IgG-Fc
(MilliporeSigma).

Results

Figure 1 Schematic drawing of tonotopic connectivity between the
cochlea of the cochlear nucleus

Ephrins and Eph receptors are cell-cell recognition molecules
that play important roles in axon pathfinding and targeting
during neural development (Fig. 2). 16 known Eph receptors
constitute the largest known family of receptor tyrosine
kinases, which are divided into two subclasses: 10 EphAs and
6 EphBs. They interact with ephrin ligands. The ephrin ligands
are also divided into two subclasses: 5 ephrin-As and 3
ephrin-Bs. Ephrin-As are anchored to the plasma membrane
with a glycosylphosphatidylinositol (GPI) anchor. In contrast,
ephrin-Bs possess a single-pass hydrophobic transmembrane
domain and a short, highly conserved cytoplasmic tail.
Although Ephs are referred to as receptors and ephrins are
considered ligands, these proteins have the potential for
bidirectional signaling. During reverse signaling, the Eph
protein acts as the ligand and the ephrin functions as the
receptor. As the ephrins and Ephs are expressed on the cell
surface, activation of Ephrin-Eph signaling only occurs at sites
of close cell-cell interaction, allowing highly specific spatial
instruction. Previous studies have shown the involvement of
Eph receptors and ephrin ligands in the developments of
topographic maps in other sensory systems (Cramer et al.). To
this reason, we are interested to study whether these proteins
could play a role in regulating tonotopic map formation in the
auditory system. We screened expression of ephrin-Bs in the
developing CN and found that ephrin-B2 is differentially
expressed in the developing CN during tonotopic map
formation. We then conduct a stripe assay to determine
whether the ephrin-B2 molecule regulates the trajectory of
growing auditory nerve fibers and uncovered that the ephrinB2 forward signal repels auditory nerve fibers in a regionaldependent manner.

Conclusions
&
Discussions

Figure 3 Expression of ephrin-Bs in the E15.5 or E17.5 mouse CN.

The expression levels of ephrin-As in the CN were detected by RNAScope® in situ
hybridization using an HRP-based chromogen (blue). Only VCN or AVCN are
shown and outlined with magenta dashed lines. Ephrin-B1 and ephrin-B3 is only
expressed in the choroid plexus in the 4th ventricle but not expressed in the CN (AB, E-F). Ephrin-B2 is differentially expressed along the dorsal to ventral tonotopic
axis in the developing VCN/AVCN. ChP: Choroid plexus of 4th ventricle; 8n: eighth
nerve. The axis in (A) indicates the orientation of all the sections in the figure. D,
dorsal; M, medial. Scale bar in (F): 200 µm.

1. Ephrin-B2 is differentially expressed
in the developing cochlear nucleus,
with higher expression in the dorsal
region than ventral region.
2. Ephrin-B2 forward signal repels
auditory nerve fibers (ANFs) in a stage
– and regional-dependent manner.
3. Ephrin-B2 signal could regulate the
response of auditory nerve fibers to
establish tonotopic maps in the
cochlear nucleus during development.

.

Figure 5 Ephrin-B2 forward signaling repels
auditory nerve fibers (ANFs) in a stage – and
regional-dependent manner.
Explants from E15.5 or E17.5 cochlear turns were
cultured on the stripes containing different
concentrations of pre-clustered ephrin-B2-Fc. In
control cultures both stripes contained pre-clustered
unconjugated human-IgG Fc (40 μg/ml) but the first
strip was pre-clustered with an Alexa-488-goat antihuman IgG-Fc (shown as green stripes) whereas the
second stripe was pre-clustered with an unlabeled
goat anti-human IgG-Fc (shown as uncolored stripes).
In ephrin-B2 cultures, the first stripe contained various
concentration of ephrin-B2-Fc (10 μg/ml B2-Fc + 30
μg/ml unconjugated human-IgG-Fc, 20 μg/ml B2-Fc +
20 μg/ml unconjugated human-IgG-Fc, or 40 μg/ml B2Fc) pre-clustered with an Alexa-488-goat anti-human
IgG-Fc (shown in pseudo-colored magenta) and the
second stripe was the same as in the control cultures.
No bias was observed in the E15.5 and E17.5 control
cultures (A, E, F). Apical and basal ANFs show
different repulsive responses to ephrin-B2 during
development. At E17.5, apical ANFs were already
strongly repelled by stripes containing 10 μg/ml ephrinB2-Fc (F). In contrast, basal ANFs can only be repelled
by stripes when the concentration of ephrin-B2-Fc
increased to 20 or 40 μg/ml (K, L). ANFs from E17.5
cochlear explants also show a stronger response than
ANFs from E15.5 cochlear explants (compare A-D to
E-L). Scale bar in (L), 240 μm.

Figure 6 Quantification of Ephrin-B2 stripe assays.
Figure 4 The cochlear explant system for the stripe assay.

Figure 2 Family of Eph receptors and ephrin ligands

(A and B) An explant from the Apical turn of an E17.5 cochlea was cultured on
the stripes containing pre-clustered ephrin-B2-Fc (40 μg/ml, shown in pseudocolored blue) for 48 hours. The cochlear explant was stained with anti-Myosin-6
to mark the developing auditory hair cells (green, arrowheads in A) and antineurofilament/GAP43 to reveal growing ANFs (magenta). (B) is the high
magnification of the boxed region in (A). In this culture system, the peripheral
processes of ANFs were still preserved but their staining intensity was much
weaker than the staining intensity of the central processes. The peripheral
processes could only be visualized at high magnification (>600X) as shown in
(B). This allows us to distinguish the central processes of ANFs on the stripes
from their peripheral processes and use this explant system to determine the
response of central processes of ANFs to ephrin-B2 on the stripe assay. cANF:
central processes of ANFs; pANF: peripheral processes of ANFs. Scale bar in
(B), 240 μm for (A) and 40 μm for (B).

(A-D) Statistical analysis of stripe assays from apical and
basal cochlear explants at E15.5 and E17.5. (E and F) Twoway ANOVA indicates that ANFs show a stage-dependent and
a region-dependent reduction of repulsive responses to
ephrin-B2. Only apical ANFs at E17.5 were strongly repelled
by stripes prepared with 10 μg/ml ephrin-B2-Fc. ANFs from
E15.5 apical cochlear explants or E17.5 basal cochlear
explants only showed repulsion to stripes containing a higher
concentration (20 or 40 μg/ml) of ephrin-B2-Fc. Numbers on
the bar indicate the sample size. Means ± SEMs are shown.
ns: not statistically significant, *: P < 0.05, **: P <0.01, ***:
P<0.001, Two-way ANOVA with post-hoc Welch's unequal
variances t-test.
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